An extensive survey of mitochondrial DNA (mtDNA) restriction polymorphism in 156 isofemale lines from 29 different geographic populations of Drosophila subobscura distributed throughout the Old World was carried out. Ten restriction enzymes were used, five of which revealed restriction site polymorphism. Of the 31 restriction sites detected, 13 were found to be polymorphic.
Introduction
Drosophila subobscura is a Palaeartic species of the obscura subgroup of Drosophila, which is endemic throughout Europe (except central and northern Scandinavia) as well as the Middle East, northern Africa, and in the Atlantic islands: the Azores, Madeira and the Canaries. This species has also very recently colonized the American continent (Ayala et a!., 1989 and references therein). Natural populations of D. subobscura have been studied extensively during the last half of this century, yielding considerable knowledge about the biogeography, ecology, behaviour, cytogenetics, population genetics and evolutionary biology of the species. Among the genetic traits studied, two are particularly relevant: allozymes (Lakovaara & 15 Saura, 1971; Saura et al., 1973; Zouros et al., 1974; Marinkovic et al., 1978; Pinsker et a!., 1978; Cabrera et al., 1980) , which give a uniform distribution of alleles no matter which locus or geographic area is considered, and inversion polymorphisms (Krimbas & Loukas, 1980; Prevosti et al., 1984 Prevosti et al., , 1988 , which exhibit clear dma! frequency distributions.
Restriction site analysis of mtDNA is being used increasingly to examine population structure or population subdivision (Avise & Lansman, 1983; Avise et a!., 1979; Takahata & Palumbi, 1985; Ashley & Wills, 1989; Rand & Harrison, 1989; Crease eta!., 1990 ; see Avise et a!., 1987 & Harrison, 1989 for relevant peculiarities of this molecule). Because of maternal and clonal inheritance, the effective population size for mitochondrial genes is only approximately one-quarter as large as that for nuclear genes. Thus, for equivalent mutation rates and selection pressures, the variation at equilibrium for mitochondrial genes within populations is expected to be lower, and the divergence between populations higher, than in the case of nuclear genes.
One hundred and fifty-six isofemale lines from 29 populations of D. subobscura distributed throughout the Old World were analysed for mtDNA restriction site polymorphism. Moreover, in order to compare the patterns of population structure for nuclear and mitochondrial genes, 10 out of the 29 populations were checked for allozyme variation also. The main purpose was to obtain information about the species history and the pattern and maintenance of population structure, especially to test the expected increased sensitivity of mtDNA to population subdivision with respect to nuclear genes.
Materials and methods
One hundred and fifty-six isofemale lines of Drosophila subobscura from different geographical regions were analysed. The number of isofemale lines per population and the populations sampled in north-to-south and east-to-west order are indicated in Table 2. mtDNA data corresponding to 32 of these isofemale lines have been published elsewhere (Latorre et a!., 1986) .
Extraction, digestion and electrophoresis of mtDNA An enriched fraction of mtDNA was obtained by the method described by Latorre et a!. (1986) . This fraction was sufficient for digestion with several restriction enzymes. We used 10 restriction enzymes. Six of them (EcoRI, Hindill, HpaI, BamHl, PstI and XbaI) recognize sequences of 6 bp; the other four (HaeIll, HpaII, AccII and CfoI) recognize sequences of 4 bp. In order to detect high levels of polymorphism, several of the isofemale lines were assayed additionally for five more restriction enzymes, four of them (Banli, NnI, Smal and XhoI) recognizing 6 bp and the other one (MnlI) recognizing 4 bp. Of these five enzymes only BanII cut the mtDNA, but always gave a monomorphic pattern. This last set of enzymes was excluded from the analysis of mtDNA differentiation.
The fragments obtained by digestion were separated on horizontal 0.6-1.2 per cent agarose gels. To determine fragment size, lambda DNA digested with Hindu and lambda DNA double digested with Hindffl-EcoRJ were used as size standards. After electrophoresis, gels were stained with 0.1 4ug ethidium bromide m11 and visualized with a 260 nm UV light transilluminator.
When necessary for detecting small bands (less than 0.5 kb), the gels were transferred to nylon membranes and hybridized with the single band that is obtained from HaeIII digestion of the mtDNA of some D. subobscura isofemale lines (Haeffl pattern C in Fig. 1 ).
The slice containing this single band was cut out from a 0.6 per cent low gelling temperature agarose gel; labelling was carried out directly on the melted slices by using the digoxigenin-dUTP method. Digoxigenin labelling of the probe and detection of the hybrids were carried out according to the manufacturer's instructions (Boehringer, Mannheini).
A mtDNA restriction map was obtained by means of all possible single and double digestions of the mtDNA. The orientation of the mtDNA circle was determined by using the previously mapped fragments B and D of D. yakuba as probes (Clary & Wolstenholme, 1985) . The different restriction patterns obtained using a given enzyme and the haplotypes are named according to the notation of Latorre et al. (1986) .
Aiozyme analysis A survey of 10 polymorphic allozyme loci was carried out of those populations where four or more isofemale lines were analysed for mtDNA (10 out of the 29 populations). A total of 530 flies were assayed following the techniques for gel electrophoresis and assay of enzymes as described by Ayala et a!. (1972) and Brewer (1970) . The 10 enzymes were: acid phosphatase (ACPH), alcohol dehydrogenase (ADH), catalase (CAT), fumarase (FUM), isocitrate dehydrogenase (IDI-I), malate dehydrogenase (MDH-l, MDH-2), octanol dehydrogenase (ODH), superoxide dismutase (SOD), and xanthine dehydrogenase (XDH).
Statistics
For the analysis of the degree of population structure according to allozyme and mtDNA data, F, (Weir & Cockerham, 1984) and N, were used respectively. The degree of mtDNA differentiation within and between populations (v and vb) was estimated by using equations (3) and (15) of Lynch and Crease (1990 a number of restriction patterns that ranged from two (EcoRI) to six (HpalI). Figure 1 shows the fragment patterns and size estimation for each of the restriction enzymes. The 10 restriction enzymes used in all isofemale lines yielded a total of 31 restrictions sites, 13 (41 per cent) of which were found to be polymorphic. molecule was estimated to be 15,800±200 bp. Figure   3 shows the mtDNA cleavage map (based on the physical mtDNA map of D. yakuba; see Clary & Wolstenholme, 1985) of the 10 restriction enzymes. As expected, polymorphic and conserved sites are not randomly distributed along the mtDNA molecule. 
srRNA and 1rRNA genes show no site variation while NADH complex genes seem to concentrate most of the polymorphic sites with nine out of the 13 variable sites falling into these genes. Conversely, only three out of the 18 conserved positions are located at NADH genes. By combining the simple patterns obtained with the 10 enzymes we obtain a total of 13 composite patterns or haplotypes. Table 1 shows these 13 haplotypes determined by the presence or the absence of each of the 13 polymorphic sites. The haplotypes can be connected in a most parsimonious unrooted tree, which gives the minimum number of mutational steps to connect them (Fig. 4) . It can clearly be seen that haplotypes I and U occupy the central position in this tree, so that they appear as intermediate molecules between any other pair of baplotypes. This suggests that haplotypes I and II are ancestral ones, which is also supported when the frequency distribution of the 13 haplotypes through the Old World is examined (Table 2) . FIaplotypes I and II are present in most populations sampled, and when samples are high enough (for instance, GA, LI, ZU or CHE) they are always at high and almost identical frequencies, except in the Canary Islands, where haplotype VIII is the most frequent (see haplotype 2 distribution from Afonso et al., 1990) . The rest of the haplotypes are endemic in the populations where they are detected. It is worth noticing that haplotypes I and II differ in only one Haeffl restriction site located at the ND5 locus.
The estimates of the number, d, of nucleotide differences per site between pairs of haplotypes were obtained by the maximum likelihood estimation method (Nei, 1987, p. 104) . These values are shown at low values (close to 0.004) were obtained among haplotypes that are separated by a single mutational step in the unrooted tree (Fig. 4) . Higher values (close to 0.02) were obtained only when comparing haplotype VIII (endemic to the Canary Islands) to most of the endemic continental ones. The unexpected low value between haplotypes VIII and IX (endemic in Gaule Sweden) can be explained in terms of convergence since both haplotypes share the lack of the h4 HpaII site (Table 1) 4 and the UPGMA cluster. However, the tree gives additional information: haplotypes VI, VII and Viii gives an idea of historical relationships among these haplotypes.
Taking into account the d values shown in Table 3 , as well as the mean distribution of the 13 haplotypes through the Old World (Table 2) , the total nucleotide diversity, HT, for mtDNA of D. subobscura was estimated to be 0.0043. This is in good agreement with values reported previously for other Drosophila species (Nei, 1987) . Table 4 shows the estimated allele frequencies as well as expected heterozygosity, H, per locus and per population of the 10 loci examined in the present study. Our Some other high divergence values close to 0.0025 also arise in comparisons with the ZU population. We do not include in Table 5 data from the two samples from RA (Canary Islands), and the exclusion of this population explains why the range of variation is narrow in comparison with the one obtained by Afonso et a!. (1990) in which the Canary populations are much more differentiated from the rest (with a mean Vb value of 0.019). In spite of that, there was enough variation among the 10 populations analysed to suggest that there is a population substructure. In fact, the N, value was 0.974, substantially higher than the value obtained for the equivalent statistic for allozyme differentiation (F1), which was estimated to be 0.117. One conclusion emerges from these data: D. subobscura populations are more substructured according to mtDNA than to nuclear markers. This is not the first study to reach this conclusion , but it has been demonstrated by undertaking both mtDNA and allozyme analysis within the same populations.
Aiozyme variation
If it is assumed that populations are at equilibrium under an island model, it is indirectly possible to estimate gene flow as Nm, where N is the average population size of a population divided into distinct demes and m is the average fraction of a deme that is replaced by immigrants in any generation. For allozymes, Nm was estimated according to Slatkin (1989) .
For mtDNA, Nm was derived from Takahata & Palumbi's (1985) equation for G,1 at equilibrium but working with N81 instead of G88. The Nm estimate of gene flow for allozymes was 1.89, whereas for mtDNA Nm fell to a value of 0.013. If we consider the gene Table 4 Frequency of alternate alleles and expected mean heterozygosity per locus and per population in 10 Old World populations of D. subobscura. Except for the Adh locus, the alleles are ordered from low to high electrophoretic mobility. Number of flies analysed for each population is indicated within parentheses 
(100)
(10) 0.000 0.000 0.007 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.002
0.000 0.000 0.000 0.000 0.000 0.020 0.000 0.033 0.000 0.000 0.005 S* 0.000 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000 mtDNA genes (Fig. 3) is basically the same as that obtained by Afonso et a!. (1990) , we disagree with their precise location of some restriction sites, mainly those that are well conserved among different Drosophila species: our named ji, f 1, dl, el and hi sites (Fig. 3) , seem to be more in accordance with their distribution among species (Solignac et a!., 1986) . There is also one variable site that has been wrongly placed by Afonso et a!. Although it is difficult comparing among variable sites, this one (our named e2) is the one that defines pattern B of HaeIII (Fig. 1) , which is the most common in the Canary Islands, being present in both our two RA (Canary Islands) isofemale lines. If we take our data and Afonso et aL's (1990) (Table 3 , see also haplotypes 3 and 13 of Fig. 4 by Afonso eta!., 1990) . It is likely that most of the differences in nucleotide bases are at synonymous codon positions and, consequently, that these two haplotypes produce mostly similar protein products.
The mean number of nucleotide substitutions per site between haplotype VIII and haplotypes I and II is 0.0146. The fact that neither haplotype VIII nor any of its closer derivatives (those with the Hin dill B and
HaeIII B patterns in Fig. 1 ) are found in the continent, and that haplotypes I and II have not succeeded in the Canary Islands, suggests the possibility of selection, although very reduced flow between the islands and the continent cannot be ruled out. Selection could be acting on some coadaptation between the nuclear background and the mitochondrial genes (Fos et al., 1990) .
Consequently, mtDNA polymorphisms observed in natural populations could be affected by interactions among nuclear polymorphisms, random genetic drift, founder events and direct selection on the mtDNA haplotypes. Although we agree with Afonso et aL in that the polymorphism found in the Canary Islands is an ancient polymorphism that has reached a more evolved stage than on the continent, our estimates of mtDNA differentiation, within and between populations ( Table 5 ), suggest that continental populations have had enough time to reach a microgeographical structure. To our understanding this forbids grouping of samples following the simple criterion of being collected in the same country. We have, preferred therefore, to include in the population analysis only those populations where a sample of four or more was collected instead of grouping samples from different localities. Table 5 shows that mtDNA differentiation among populations is at least one order of magnitude higher than the within population values, but no correlation between divergence and geographical distance can be detected. This supports the idea of a microgeographical heterogeneity for mtDNA provoked by a low gene flow. Extreme low levels of gene flow would result in higher divergence between populations. This is the case when comparing RA populations from the Canary Islands with any other population, for which our data (not included at Table 5) give a mean d value of 0.013 (quite close to the 0.0119 value obtained by Afonso et al., 1990) .
Our main result has been to demonstrate how the observed levels and distribution of mtDNA polymorphism in D. subobscura in the Old World support the idea that mtDNA variation is highly structured (N,1 = 0.974), with a low rate of gene flow probably being the main factor contributing to the observed population structure (Birky et a!., 1983; Takahata & Palumbi, 1985; Hale & Singh, 1987; . On the other hand, the distribution of allozyme variation is less structured (F,1 = 0.117). The estimates of gene flow are quite close to two adults per generation, and probably higher, in general agreement with results reported previously Cabrera eta!., 1980) which show that enzyme polymorphism in D. subobscura is rather uniform throughout the distributional range of the species. As for allozymes, the distribution of mtDNA haplotypes is far from the latitudinal clinal distribution observed in the case of chromosomal polymorphisms (Krimbas & Loukas, 1980; Prevosti et a!., 1988; Ayala eta!., 1989) .
Evidence of a low rate of mtDNA gene flow is also documented in other Drosophila species. This, for instance, is the case in D. melanogaster (Hale & Singh, 1987; Singh & Rhomberg, 1987 subobscura populations are bordering the line that separates panmixia from subdivision. The gene flow is high enough to cause near panmixia for neutral or quasi-neutral nuclear markers while it is low enough to mtDNA to allow effective genetic differentiation.
